Objectives: Controversy persists with regard to the atherogenic risk associated with adult growth hormone deficiency (GHD). Endothelial dysfunction and enhanced oxidative stress are early features of atherogenesis. Therefore, we have studied the effect of three months of low dose GH replacement therapy (0.03 IU/kg/day) on these parameters in GHD adults. Subjects and Methods: Eight hypopituitary GHD adults (4 male, 4 female), who were receiving conventional hormone replacement therapy, were studied before and after 3 months of GH replacement (0.03 IU/kg/day). All observations obtained were compared with similar measurements made in 8 matched control subjects. All study subjects were non-smokers, normotensive and gave no personal or family history of premature vascular disease. Endothelial function was assessed using a specialised vessel wall tracking system to measure endothelium-dependent, flow-mediated, brachial artery dilatation (FMD). Measurements were repeated following glyceryl-trinitrate (GTN) (endotheliumindependent dilatation). Oxidative stress was assessed by directly measuring lipid-derived free radicals in venous blood by electron paramagnetic resonance spectroscopy. Fasting lipids, insulin, plasma glucose and IGF-I were also measured at baseline and following GH replacement. Results: FMD, expressed as a percentage change from resting base-line diameter, was significantly impaired in the pre-treatment GHD patients compared with controls (3.1 Ϯ 2.1% vs 6.1 Ϯ 0.9%, P < 0.001; means Ϯ S.D.) indicating endothelial dysfunction. Significant increase in FMD was noted following GH therapy (3.1 Ϯ 2.1% vs 6.5 Ϯ 1.9%, P < 0.001). Free radicals (arbitrary units) were elevated in the pre-treatment GHD patients compared with controls (0.36 Ϯ 0.09 vs 0.11 Ϯ 0.12, P < 0.05) and fell significantly following GH therapy (0.23 Ϯ 0.03 vs 0.36 Ϯ 0.09, P < 0.05), although they remained elevated compared with controls. Fasting insulin was significantly higher (25.9 Ϯ 18.8 vs 13.9 Ϯ 6.7 mu/l, P < 0.05) and IGF-I concentrations lower (10.8 Ϯ 4.7 vs 20.2 Ϯ 6.3 nmol/l, P < 0.05) in the pre-treatment GHD subjects. After treatment there were no changes in insulin concentration, although IGF-I levels were normalised (10.8 Ϯ 2.3 vs 23.6 Ϯ 11.4 nmol/l, P < 0.05). Conclusions: Endothelial dysfunction and enhanced oxidative stress are features of adult GHD. This study suggests plausible mechanisms underlying any proatherogenic tendency in adult GHD and demonstrates improvement of these factors following GH replacement.
Introduction
Adult growth hormone deficiency (GHD) may be associated with an increased risk of premature cardiovascular disease (1) , although the precise nature and magnitude of any risk remain contentious (2) . Adult GHD is associated with several cardiovascular risk factors including altered body composition (3), reduced exercise capacity (4), insulin resistance (5) and dyslipidaemia characterised by small, dense low-density lipoprotein (LDL) particles, decreased high-density lipoprotein (HDL) cholesterol and increased triglyceride levels (6, 7) .
Recently, abnormal post-prandial lipid profiles (a factor implicated in the pathogenesis of atherosclerosis) have also been described in adult GHD patients (8) . However, the mechanisms underlying vascular injury in GHD remain unclear, with some authors suggesting that nonphysiological hormone replacement may be of greater significance than GH deficiency per se (9) . Intervention studies with recombinant human growth hormone (rhGH) appear to show physical, biochemical and psychological benefits (9) but any effects of rhGH replacement on cardiovascular mortality are hitherto unknown.
Endothelial dysfunction (ED), which promotes an environment of thrombogenesis and increased vascular resistance, is an early and potentially reversible event in the complex process of atherogenesis (10) . ED results in a diminished endothelial capacity to synthesise and release nitric oxide (NO) or an increased destruction of NO after release. NO reduces platelet adhesion, inhibits vascular smooth muscle proliferation and migration (10) and reduces lipoxygenase activity (11) , which lowers the amount of oxidised LDL available for uptake by macrophages to form foam cells. NO also has a critical role in regulating local arterial tone. NO released from endothelial cells as a result of agonist stimulation or increased flow (12, 13) , acts directly on local smooth muscle causing relaxation and thus vasodilatation.
Oxidative stress represents a pathophysiological mechanism that stems from a state of disequilibrium between free radical production and natural antioxidant defences. Free radicals are a by-product of normal energy metabolism and are produced in vivo by phagocytes, endothelial cells, fibroblasts and myocytes (14) . When produced in excess of antioxidant capacity, they have a number of damaging effects including cell membrane lipid peroxidation and lipoprotein peroxidation (15) . Free radicals derived from lipid peroxidation can inhibit cellular processes and react rapidly with nitric oxide, thus increased oxidative stress reduces the bioavailability of NO and may contribute directly to the pathogenesis of ED (16) .
Therefore, enhanced oxidative stress is potentially important in the process of atherogenesis and has been demonstrated in patients with premature atherosclerosis and congestive heart failure (17, 18) . In order to study the pathogenesis of atherosclerosis in adult GHD and to evaluate the potential impact of GH therapy on the incidence of atherosclerotic disease in these patients, we have measured both oxidative stress and endothelial function in a group of GHD patients before and after GH replacement therapy. We used a non-invasive, direct and fully validated (19) technique of assessing endothelial function in systemic arteries. High-resolution ultrasound is used to measure changes in vessel diameter in response to increased flow (endotheliumdependent dilatation) and sublingual glyceryl-trinitrate (GTN) (endothelium-independent dilatation). To detect and identify reactive lipid-derived free radicals, an ex vivo spin trapping method was used with electron paramagnetic resonance (EPR) spectroscopy. Using these techniques, we have evaluated the effect of GH replacement therapy in adult GHD patients on factors which are potentially important in the process of atherogenesis in adult patients with GHD.
Materials and methods

Patients
Endothelial function and oxidative stress were studied in 8 GH deficient hypopituitary subjects (4 male, 4 female), aged 26-54 years, and 8 age-and sex-matched controls. All subjects were life-long non-smokers, normotensive, normocholesterolaemic and non-diabetic. Each subject had a normal resting electrocardiogram and gave no personal or family history of premature vascular disease. The diagnosis of severe GHD was confirmed by a peak GH response of <5 mU/l following insulin-induced hypoglycaemia (nadir plasma glucose <2 mmol/l). All subjects had been GH deficient for at least 24 months (mean duration 6.5 Ϯ 3.5 years) prior to inclusion in the study. Each subject had been receiving full, stable conventional hormone replacement (hydrocortisone 10 mg bd, thyroxine 75-150 mg daily, i.m. testosterone 250 mg monthly or transdermal oestrogen with daily progesterone), for at least 6 months prior to inclusion in the study, such that target hormone levels were maintained within the normal reference range. In addition, no patient had an original diagnosis associated with increased vascular risk (e.g. acromegaly or Cushing's disease). Control subjects were non-smokers with no personal or family history of premature vascular disease, and comprised healthy volunteers from the staff at the University Hospital of Wales, Cardiff. Control subjects were selected such that both GHD and control groups were matched for age, sex, body mass index, blood pressure and serum cholesterol. The local ethics committee approved the study and each subject gave fully informed, written consent. Each subject was studied at baseline with repeat measurements after 3 months of GH treatment at an initial dose of 0.015 IU/kg/day during the first month, increased thereafter to 0.03 IU/kg/day for the subsequent two months. Patients were instructed to make no lifestyle changes, particularly with regard to exercise, during the study.
Measurement of endothelial function
Flow-mediated dilatation (FMD) was measured by an ultrasonic vessel wall-tracking system as previously reported and validated (19) . The system comprises a specially adapted duplex colour flow echo machine (Diasonics Spectra) with a 7.5 MHz linear phased-array transducer (giving high axial resolution), a personal computer, and a 4 Mb high-speed memory. The brachial artery is identified using the ultrasound transducer and anatomical landmarks identified to allow repeat studies. A stand-off device containing ultrasoundcoupling gel prevents compression of the anterior wall of the artery. The transducer is held in a stereotactic clamp and a two-dimensional longitudinal B-mode image of the brachial artery obtained. The radio frequent (RF) signals (sampling frequency 1 kHz) from the M-mode output are digitised and relayed to the wall tracking system (Vadirec, Arnhem Medical Systems, Arnhem, The Netherlands). On completion of 10-s data acquisition the RF signal is displayed so that the position of the anterior and posterior vessel walls on the RF signal can be identified and marked. Vessel wall movements are tracked using the stored RF signals to produce displacement waveforms of the anterior and posterior vessel walls together with the distension waveform (diameter change as a function of time) (19) . The distension waveform enables measurement of 'end-diastolic' diameter for each beat (theoretical resolution Ϯ3 mm).
Blood pressure was recorded throughout the study by photo-plethysmography (Finapres, Omehda, Brussels, Belgium) from a finger cuff on the middle finger of the ipsilateral arm. Blood flow was measured throughout the study using an 8 MHz continuous wave Doppler probe mounted at an angle of 60Њ in a Perspex block and positioned over the brachial artery distal to the 7.5 MHz probe. The Doppler signals were analysed by a spectrum analyser (SciMed Dopstation) and stored on a metal audiotape using a high performance recorder (Nakamichi B-100E). Brachial artery blood flow was calculated by multiplying the mean blood velocity (corrected for Doppler angle) by the internal brachial artery diameter measured by wall tracking. Using this technique, the intra-observer coefficient of variation in measuring baseline arterial diameter for our group is 1.6% (19) .
Measurement of venous free radicals
Reactive free radicals decay too quickly to be observed directly by EPR spectroscopy under normal laboratory conditions. However, they may be 'trapped' by some chemicals ('spin traps') to form long-lived stable radical adducts which can be observed and identified by EPR spectroscopy. While such spin traps are too toxic to be injected into humans, they can be conveniently used to trap free radicals in blood samples ex vivo. This technique has recently been used and validated to identify lipid-derived free radicals generated postexercise in humans (20) , and in the coronary sinus of patients undergoing elective cardioplegia (21) and coronary angioplasty (22) . Measurement of lipidderived free radicals ex vivo in venous blood was performed in a fasting state at 0900 h in all subjects. Venous blood (2.0-2.5 ml) was taken directly into a vacuum-sealed glass tube (vacutainer), containing 1 ml of the spin trap, a-phenyl N-tert-butyl nitrone (PBN) (0.125 mol/l) in saline. These samples were centrifuged at 2000 r.p.m. for 5 min and the supernatant removed from the packed cells into a clean glass test tube. The PBN adduct was extracted twice from the supernatant with an equal volume of toluene, and concentrated to virtual dryness under nitrogen gas. The resulting yellow oil was redissolved in 100 ml pure chloroform and analysed by EPR spectroscopy. Samples were sealed in Pasteur pipettes and measured on a Varian E104 EPR spectrometer operating at 9.1 GHz. Typical spectrometer settings were 10 mW power, 1 Gauss modulation, 0.25 s time constant and 100 Gauss scan range.
EPR spectral parameters were obtained from data acquisition and processing using in-house computational software. EPR spectral peak heights were taken as a good correlation of spin-adduct concentration after confirmation of peak to peak line width conformity and double integration on selected samples. The separation between sets of peaks in the EPR spectrum (coupling constant) was used to identify the trapped lipid radical species. Measurement values of venous free radicals are expressed in arbitrary units.
Biochemistry
Various metabolic factors implicated in the pathogenesis of ED were measured. Fasting venous blood was drawn following a 12-h overnight fast to enable measurement of insulin-like growth factor (IGF)-I, lipid profiles, glucose and plasma insulin. Total cholesterol and triglyceride concentrations were measured enzymatically using standard techniques (23, 24) . HDL concentrations were measured after precipitation of apolipoprotein B with phosphotungstate/magnesium (25) . LDL was calculated using the Friedewald equation (26) . IGF-I was measured after prior acid-ethanol extraction by polyethylene glycol-assisted second antibody radioimmunoassay (27) . Plasma insulin was measured by a commercial radioimmunoassay (INS-RIA-100, Medgenix Diagnostics, Brussels, Belgium). Plasma glucose was measured by a hexokinase based technique.
Study protocol
All studies were performed in the morning, following a 12-h overnight fast, in a temperature-controlled room (21 ЊC-23 ЊC). Fasting venous blood was drawn to enable biochemical analyses and free radical estimation. Venepuncture was conducted after the patient had been in a supine position for 15 min, to reduce any possible confounding effects of exertion on free radical release. Furthermore, each subject was asked to refrain from any excessive physical exertion in the 24-h period immediately prior to the study day, thus further limiting any potential confounding effects of exercise on free radical generation. Baseline measurements of arterial diameter and baseline blood flow were made following 15 min of supine rest. Further measurements were made during hand hyperaemia, and after sublingual GTN -an endothelium-independent vasodilator.
A paediatric sphygmomanometer cuff was inflated at the wrist to suprasystolic pressure (systolic pressure + 50 mmHg) for 5 min. Blood flow was recorded from 15 s before until 90 s after cuff release, internal brachial artery diameter was measured for 10 s at 60, 120, 180, and 300 s after cuff release. All measurements were repeated 15 min later when values reached original baseline levels. Measurements were repeated 3 min after sublingual GTN spray (400 mg) to provide a measure of endothelium-independent vasodilatation. These measurements were carried out at the beginning of the study and were repeated after a 3-month period of GH replacement.
Statistics
Descriptive data are expressed as means Ϯ standard deviation (S.D.). The hypopituitary and control groups were compared using independent two sample t-tests. Paired t-test was used to analyse changes within individuals as a result of GH therapy. Relationships between endothelial function, oxidative stress and various metabolic parameters were analysed using univariate and multivariate analyses. Statistical significance was inferred at P < 0.05. Table 1 illustrates the original diagnosis, duration of GHD, the peak GH response to hypoglycaemia and other pituitary hormone deficiencies. Table 2 illustrates the demographic features of both control and GHD subjects. All patients had multiple pituitary hormone deficiencies, which were adequately replaced with hydrocortisone, thyroxine, sex steroids and desmopressin where appropriate (all female subjects were taking standard hormone replacement therapy in the form of combined oestrogen/progestogen preparations). All target hormones were maintained within the normal reference range for at least six months prior to inclusion in this study and therapy remained unchanged during the course of the study. The peak GH responses to insulininduced hypoglycaemia demonstrate that these subjects were severely GH deficient prior to inclusion in the study. Table 3 illustrates the metabolic and free radical data in both control and GHD study groups before and after GH replacement therapy. Total cholesterol, LDLcholesterol, HDL-cholesterol and plasma triglyceride were similar in the control and GHD groups and did not change significantly in the latter following GH therapy. Thyroxine (T 4 ), tri-iodothyronine (T 3 ), testosterone, oestradiol and plasma glucose concentrations were similar in both control and study groups irrespective of GH therapy. However, fasting insulin levels were significantly elevated in the hypopituitary subjects prior to GH replacement and remained significantly elevated after three months of low dose GH therapy. As expected, the GHD patients had significantly lower IGF-I levels which increased to within the age-related normal range for all patients following GH replacement. Analysis of the EPR spectra from spin-trapped radicals derived from venous blood samples, suggested that the radicals trapped were alkoxyl radicals (coupling constants aN ¼ 13.9 Gauss, abH ¼ 2.2 Gauss) and carbon-centred radicals (aN ¼ 14.1 Gauss; abH ¼ 4.0 Gauss). These assignments, which agree with previous studies (21) , suggest that these radicals are derived from decomposition of lipid hydroperoxides in the extracellular compartment after primary free radicalmediated damage. Free radical status as assessed by measuring EPR peak spectral heights was significantly higher in the GHD subjects at baseline, falling significantly following three months of GH replacement but still remaining elevated compared with the control subjects ( Fig. 1) .
Results
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Control Pre GH Post GH
Insulin (mU/l) 13:9 Ϯ 6:7 2 5 :9 Ϯ 18:8 
Figure 1
Oxidative stress in control subjects and GHD patients before and after GH replacement. Results are means Ϯ S.E. *P < 0.05 controls vs pre GH, **P < 0.05 pre GH vs post GH, ***P < 0.05 controls vs post GH. Table 4 illustrates the vascular data in the control and study groups both before and after GH replacement.
Vascular data
Results were calculated as actual values but are expressed as percentage change from resting baseline values. There were no differences in baseline blood flow, hyperaemic blood flow or resting vessel calibre between patients and controls both before and after GH therapy. Endothelium-independent GTN-mediated brachial artery dilatation was also similar in both groups irrespective of GH replacement. Peak flow-mediated endothelium-dependent vasodilatation, occurring at 1 min post-cuff release, and thus a measure of endothelial function, was significantly impaired in the pre-treatment GHD patients compared with controls. Furthermore, the impairment in flow-mediated dilatation was maintained at both 2 and 3 min post-cuff release (Fig. 2) . Following GH therapy, however, peak flow-mediated brachial artery dilatation improved significantly in the GHD patients, such that there was no difference in comparison with controls at 1 min. Similarly, FMD at 2 and 3 min post-cuff also significantly improved to a level comparable with controls 
GHD patients GHD patients following
Figure 2
Relationship between time and flow-mediated brachial artery dilatation in GHD adults before and after GH replacement and matched control subjects. Shaded bars, control subjects; solid bars, pre GH replacement; open bars, post GH replacement. Results are means Ϯ S.E. *P < 0.05, **P < 0.001 vs controls.
( Fig. 2) . Of the other measured parameters in the pre-treatment GHD patients, plasma LDL-cholesterol demonstrated the strongest correlation with FMD, exhibiting an inverse correlation (r ¼ ¹ 0.61, P ¼ 0.09) which, in view of the relatively small numbers of subjects involved in the study, did not reach statistical significance. Similarly, following GH therapy plasma LDL remained as the strongest, although non significant, predictor of FMD (r ¼ ¹ 0.56, P ¼ 0.1).
Discussion
We have demonstrated that peak FMD, a measure of endothelial function, was significantly reduced in the GHD adults compared with matched healthy controls, whereas dilatation in response to GTN was normal. The stimulus of increased blood flow causes a sheer stress on the endothelium resulting in the release of NO, which acts on local vascular smooth muscle to cause vasodilatation. GTN, by contrast, donates NO directly to vascular smooth muscle, thus causing vasodilatation by an endothelium-independent mechanism. The observation of impaired FMD with preserved GTNmediated dilatation indicates a state of endothelial dysfunction in GHD patients. Furthermore, FMD was also reduced at 2 and 3 min post-wrist-cuff release, further indicating endothelial dysfunction rather than delayed vascular smooth muscle responsiveness to NO. Impaired FMD with preserved GTN-mediated endothelium-independent dilatation is well described in the presence of both overt vascular disease and many identified vascular risk factors (13, 28) . Since GTN donates NO directly to vascular smooth muscle, then GTN causes vasodilatation irrespective of endothelial integrity, as this is an endothelium-independent mechanism. At baseline, the GHD patients had significantly higher levels of free radicals as measured by EPR spectroscopy in comparison with control subjects. From analysing coupling constants, the EPR spectra obtained appear to represent both lipid alkoxyl and carbon-centred radicals. Detection of secondarily formed lipid free radicals strongly supports the presence of peroxidative damage in these patients. This suggests that there is a milieu of increased oxidative stress in these patients leading to a proatherogenic diathesis.
Following three months of GH therapy, FMD improved significantly in the GHD subjects to a level comparable with controls at 1, 2 and 3 min post-cuff release, whereas GTN responsiveness was unchanged. Hence, GH therapy restored endothelial function to normal in the GHD adults. Oxidative stress also improved significantly with GH treatment but remained elevated compared with control subjects. No gender differences in either FMD or oxidative stress were noted in the GHD subjects following GH replacement. This study, however, comprised a relatively small number of subjects and any potential gender differences in the response of either endothelial function or oxidative stress to GH replacement would require larger numbers of study subjects. Although current clinical practice advocates the use of dose titration GH treatment regimes, in order to limit any possible confounding effects due to GH dose variability, we elected to use a standard per body weight GH replacement regime at an accepted efficacious dose (29) .
Adult GHD results in a state of volume depletion. This factor is, however, unlikely to have any effect on our measurement of FMD either before or after GH therapy. The stimulus of hyperaemic blood flow, which causes endothelium-dependent vasodilatation, is a local phenomenon governed by hand hyperaemia. In our study, the stimulus of hyperaemic blood flow (percentage increase from resting flow) was similar in control and GHD groups both before and after GH therapy.
There were no quantitative differences in lipid profiles at base line between controls and the GHD subjects, and no changes were noted following GH therapy. Of the measured metabolic parameters, LDLcholesterol exhibited the strongest inverse correlation with endothelial function (r ¼ ¹ 0.61) but this was not significant, probably because of the relatively small number of subjects studied. However, this observation is consistent with many other studies in which plasma LDL-cholesterol has a strong predictive value for endothelial dysfunction (30) . Since there were no quantitative differences in lipids in comparison with controls or following GH replacement, the endothelial dysfunction in the GHD patients may be a consequence of qualitative differences in the LDL particles. Indeed, GHD is associated with an excess of small dense LDLcholesterol particles (7) which are particularly atherogenic (31) . They exhibit an increased propensity to undergo oxidation, stimulate free radical release (32) and promote the uptake of lipids by macrophages to form foam cells, culminating in increased toxicity to endothelial cells (33) . In addition, small dense LDLcholesterol particles can directly induce free radical production (34) . Thus, improvement in endothelial function and reduction in oxidative stress following GH therapy may, in part, be due to qualitative alterations in lipoprotein particles, possibly through improvements in LDL-cholesterol metabolism, a concept supported by the observation that GH induces LDL receptor expression on hepatocytes (35) .
Our novel observation of increased lipid-derived free radicals in adult GHD indicates a state of enhanced oxidative stress. This may contribute directly to the pathogenesis of ED, since free radicals can reduce bioavailable NO (36) , are themselves directly toxic to endothelial cells (37) , and facilitate the generation of toxic oxidised LDL-cholesterol particles (38) . Oxidative stress may also be a consequence of ED, since dysfunctional endothelium produces excess superoxide anions (39) and NO itself has antioxidant properties.
IGF-I stimulates NO synthesis by both endothelial cells (40) and vascular smooth muscle (41) . Thus, low IGF-I levels in adult GHD may impair endothelial NO synthesis and so contribute to the pathogenesis of ED. This mechanism could also contribute to the restoration of endothelial function following GH therapy. Further support for this view comes from the observation that urinary NO metabolites are significantly reduced in GHD patients and increase significantly following 3 months of GH therapy (41) . A reduction in IGF-Imediated endothelial NO synthesis may also play a role in enhanced oxidative stress in the GHD patients since NO has antioxidant properties. Thus, GH-stimulated IGF-I-mediated endothelial NO synthesis may partly account for the reduction in oxidative stress and improvement in endothelial function as a result of GH replacement.
The significantly higher fasting insulin levels in the presence of normal plasma glucose in the pre-treatment GHD subjects indicates a state of insulin resistance in these individuals. Impaired insulin sensitivity may contribute (directly or indirectly) to the enhanced oxidative stress and endothelial dysfunction seen in the GHD patients. Insulin resistance is associated with excess production of small dense LDL-cholesterol particles and the generation of an atherogenic lipoprotein phenotype (42) which are integrally involved in the pathophysiology of both endothelial dysfunction (43) and oxidative stress (34) . Insulin resistance may also contribute directly to the excess generation of free radicals by depressing endogenous antioxidant defence mechanisms (44) . Following GH replacement there was no significant improvement in insulin sensitivity, as evidenced by similar fasting insulin levels, and this may partially explain why oxidative stress still remained elevated in the GHD patients compared with controls.
GH therapy significantly improves effort tolerance, exercise capacity and increases muscle mass in GHD subjects (4) . Both regular exercise and physical training in previously sedentary individuals results in increased NO synthesis and release, together with significantly improved endothelial function (45) . The observed beneficial effect of GH therapy on endothelial function may thus be a consequence of the effect of GH on exercise capacity in these subjects. Since some reports suggest that exercise capacity is, at least partially, dependent on vascular function and NO release (46) , it is possible that the described effect of GH on exercise capacity may contribute, in part, to its effect on endothelial function.
By demonstrating both endothelial dysfunction and enhanced oxidative stress in adult hypopituitary subjects with GHD, this study provides further data in support of the concept that adult GHD may be proatherogenic. This study would have benefitted from both a placebo control group and larger numbers of study subjects; however, the effect of GH replacement on both endothelial function and free radical status were internally consistent and uniformly maintained.
These data indicate that GH therapy may partially or completely reverse some of the mechanisms involved in atherogenesis and, although preliminary, provide a firm basis for further investigation.
